Introduction
Defects are known to influence the intrinsic electronic and mechanical properties of materials. In graphene, vacancies, dislocations, grain boundaries and other topological defects have been shown to alter its chemical and physical properties and, as such, have been extensively investigated. 1, 2 The defect structures in hexagonal boron nitride (hBN) are even more varied and complex because, unlike graphene, 3, 4 its hexagonal 2D lattice is occupied by two elements. Indeed, most reports have focused on defect formation and characterization [5] [6] [7] [8] [9] in localized regions of exfoliated hBN. At present, it is known that the edges of holes in hBN layers usually adopt zigzag and armchair-type configurations, with the former being more common. 5, 10 Moreover, the zigzag configuration contains two different types of terminated edges due to the heterogeneity of hBN, factors that have been shown to affect the material's intrinsic electrical properties. 11 The growth mechanisms of extended holes in hBN are also not well established. For example, unlike graphene, where single chains of carbon atoms and related defects are well characterized, [12] [13] [14] [15] [16] [17] single chains made deliberately in hBN sheets via in situ production techniques (i.e., inside a transmission electron microscope) have been observed at 650°C. 18 In this study, the growth of triangular holes is studied in large, monolayer sheets of hBN from the nucleation of a B vacancy to areas that exceed 50 nm 2 using atomic resolution transmission electron microscopy (ARTEM). As part of these studies, the growth dynamics of single triangular holes as well as the processes by which they merge with other holes were explored. The experimental observations were then compared with density functional theory (DFT) calculations and molecular dynamics (MD) simulations, which provided additional insight into the mechanisms of hole growth.
Results and discussion
To elucidate the mechanism of hole growth in hBN monolayers, the dynamics of triangular holes induced by electron beam irradiation were analyzed using ARTEM. A large area monolayer of hBN (grown by chemical vapor deposition and then transferred to a TEM grid) at atomic resolution is shown in Fig. 1 (Fig. S1 † for more detailed images). Fig. 1c shows intensity profiles of atoms in a raw image of Fig. 1a an aberration-corrected TEM with a monochromator (see the Experimental section for additional details of the TEM conditions) and Fig. 1b represents a simulation image under the imaging conditions. The B and N atoms can be distinguished as the N atoms display a 3.5% higher intensity than the B atoms with a ±2% deviation in the real image. Because previous theoretical and experimental studies reported that triangular holes in hBN formed by electron beam irradiation have N terminated edges, 11, 19 the alternation of intensity measured from the edge atoms are in good agreement with the positions of the B and N atoms, as shown in Fig. 1d . To further evaluate the intensity of the real image, a simulation was performed under the imaging conditions using MacTempasX. Fig. 1c shows the experimental and simulation intensity profiles. The agreement indicates that the distinction of B and N atoms is possible from one aberration-corrected TEM image. Indeed, such optimized imaging conditions were used to acquire the results described below. The hBN hole growth process was subsequently investigated (Fig. 2) . A vacancy labeled V B , which refers to the site of a missing B atom, is shown in Fig. 2a . Through continuous electron beam irradiation, the B and N atoms were removed from sites adjacent to V B in a manner that maintained an overall triangular shape, although some trapezoidal intermediates were observed. For example, while the removal of a pair of B and N atoms adjacent to V B (i.e., V B-BN ) resulted in the formation of a trapezoidal site, a triangular hole re-formed upon the subsequent loss of an additional B atom (e.g., V B-BN-B ), as shown in Fig. 2c . This process continued as the hole grew and involved the temporary introduction of an atom within the growing hole (cf., Fig. 2d and f; see below for a deeper discussion of the migration of B and N atoms).
Efforts were then directed towards assessing whether the holes maintained their triangular shape after prolonged periods of electron beam irradiation. As summarized in Fig. 3 , the growth of a triangular hole appeared to be initiated by the removal of B and N atoms near the centers of the hole edges.
This experimental observation was supported by DFT calculations, which indicated that triangular holes featuring edges with paired B-N atoms missing near the middle of an edge are more stable than those with atoms missing near a vertex (Fig. S3 †) . Regardless, under prolonged electron beam irradiation, the B and N atoms next to the vacancies were subsequently ejected in a manner that ultimately restored the overall triangular shape of the hole. As shown in Fig. S4 , † the triangular shape of the holes was maintained even after two holes merged together. In addition, exposure of an edge region to electron beam irradiation resulted in the formation of triangular holes (cf., Fig. S5 †) . Once the electron beam irradiates within or at the edge of a hBN sheet, a N terminated triangular hole is unconditionally formed and its shape is maintained during the hole growth process. During these studies, it was noted that B and N atoms were often ejected as bundles as opposed to individual atoms, at least under the experimental conditions used. For example, as shown in Fig. S6a and S6b, † bundles of B and N atoms were removed between successive imaging time intervals (∼0.5 s). Because atom movement is faster than 0.5 s, DFT calculations and MD simulations were performed to gain additional insight into this process. A summary of the calculated bond lengths between various atoms in and near a triangular hole in hBN is shown in Fig. 4a . Note that the calculated B-N bond lengths measured perpendicular to the hole edge were longer than those found along the hole edge (cf., especially, positions indicated by 7 and 8 vs. positions indicated by 5). Moreover, the difference in the calculated B-N bond lengths was found to be consistent regardless of the hole size. Hence, when a B and/or N atom is ejected, the B-N bonds perpendicular to the edge become weakened and thus are more likely to be broken upon further electron beam irradiation. The results derived from the DFT calculations were supported by MD simulations. As shown in Fig. 4b and Movie S3, † the breaking of a B-N bond perpendicular to a hole edge generated a chain of B and N atoms, as indicated by the yellow dotted box. The chain then became detached and was subsequently knocked off as a bundle of atoms, as indicated by the green dotted box.
Direct evidence of single chain formation, as supported by DFT calculations and MD simulations, was observed by ARTEM in Fig. 4c-f . Electron beam irradiation of the triangular hole (Fig. 4c) resulted in the formation of a single chain comprised of B and N atoms (Fig. 4d) . The chain detachment process appeared to originate from the breaking of a B-N bond perpendicular to a hole edge. The chain was found to fluctuate in position (Fig. 4e) before being finally knocked off (Fig. 4f ) . Based on these observations, the B and N atoms do not appear to be ejected individually; rather, B-N bonds perpendicular to a triangular hole edge may break first, resulting in the formation of a single chain of atoms that is ultimately removed. Compared to the B and N atoms found within the lattice of hBN, single chains containing the two heteroatoms are relatively unstable, and under the experimental conditions used here, they are readily removed.
To gain additional insight into the properties of single chains comprised of B and N atoms, efforts were directed toward determining whether single chains were formed during the merging of multiple holes. A series of consecutive TEM images that captured the merging of two holes are shown in Fig. 5 . In general, such processes are too fast to be captured by TEM, as atoms are often ejected and/or are repositioned faster than the time elapsed between images; however, adsorbates can pin the hole and thus facilitate the capture of an intermediate state. As shown in Fig. 5d , the merging of two holes resulted in a temporal bright contrast line, which may be due to the local fluctuation of the corresponding hBN edges and/or an accelerated ejection rate. Subsequent spreading of the fluctuating region resulted in the formation of single chains of B and N atoms inside the hole (Fig. 5f ) , followed by the development of two triangular holes (Fig. 5g) . Loops and stretched chains containing a series of alternating B and N atoms were also observed (Fig. 5h-k) . Collectively, these observations indicate that single chains comprised of B and N atoms may be formed when holes in hBN coalesce. Note that some of the brighter spots at the edge of the triangular holes may be due to Si atoms. Although the materials described herein were not subjected to further chemical analysis, there does not appear to be any metal residue during the synthesis or transfer processes. 20 Moreover, Si atoms are commonly observed in materials synthesized via CVD in quartz vessels. 21 We conclude that the Si atoms may move around freely on the surfaces of hBN, but do not contribute to any hole growth. This conclusion was based in part on a report indicating that pure Si is unlikely to exhibit drilling or etching behavior in graphene. Apart from silicon or other metal atoms, oxygen containing species may contribute to the hole formation mechanism because there is some oxygen and water vapor inside the TEM instrument even under UHV conditions. Although the chemical etching effect might be considered in understanding the damage mechanism of materials in TEM, only knock-on damage is addressed in this study. (See details of our interpretation about the contribution of oxygen containing species to the hole formation mechanism in the ESI. †) As indicated in Fig. 6 , the migration of atoms along the edges of holes in hBN was also evaluated over time. Although the B and N atoms may be predicted to move faster than the sampling time required for sequential imaging, a series of meta-stable configurations at the hole edges was observed. For example, the blue arrow in Fig. 6b points to a series of missing B and N atom sites, whereas subsequent migrations changed the shape of the hole, as shown in Fig. 6c . In an earlier study, it was reported that electron beam irradiation does not induce the migration of B and N atoms in hBN; 23 however, the data presented here clearly show that the migration as well as reconstruction of B and N atoms in a monolayer of hBN is possible. Although the addition of atoms to the hole might be derived from adventitious carbon adsorbates, it is more likely that B and N atoms migrate because the number of added atoms and missing atoms in the hBN sheet are the same and the distance between them is shorter than that between added atoms and carbon adsorbates. As such, holes may not grow but may become filled, at least partially, by the migration of B and N atoms over time. Collectively, these observations differ from those obtained with graphene. In graphene, various hydrocarbon adsorbates adhere to the surface and carbon impurities are often abundant so that the addition of carbon atoms to holes and/or migration is relatively more likely to occur under electron beam irradiation. While the lack of B and N sources intrinsically limits the addition of such atoms to holes in hBN, the migration of such atoms does appear to occur, albeit infrequently.
Conclusions
In summary, the growth of triangular holes in hBN monolayers was observed using sequential ARTEM imaging. When a monolayer of hBN was subjected to electron beam irradiation, a vacancy formed initially and grew while maintaining a triangular shape. Such shapes were observed even when such holes merged. Through a series of TEM images that were supported by DFT calculations and MD simulations, the mechanism for the growth of these holes appeared to involve the ejection of B and N atoms near the centers of the hole edges and also the ejection of bundles of atoms. Such processes involve the breaking of B-N bonds that are perpendicular to the hole edges and result in the formation of single chains containing B and N atoms. Multiple chains containing B and N were also observed when two holes merged together, whereas previous studies have focused primarily on the observation of a single chain of C atoms in holes in graphene. Moreover, the migration of B and N atoms in monolayers of hBN was observed using ARTEM, as indicated by edge reconstruction, although such phenomena occur less frequently when compared to analogous carbon-based materials (i.e., graphene).
Experimental

Synthesis of hBN and ARTEM observations
The hBN specimens used in our experiments consisted primarily of monolayers and were synthesized using chemical vapor deposition. 20 Conventional TEMs do not have adequate resolution for imaging single atoms of hBN and are often operated at high voltages, which lead to immediate irradiation damage in the specimens before reliable observations can be made. Furthermore, if experiments are performed at a low voltage such as 60 kV, knock-on damage as well as ionization damage should be considered. To avoid these problems, specimens were analyzed using an aberration-corrected FEI Titan Cube TEM (FEI Titan 3 G2 60-300), which was operated at 80 kV acceleration voltage because 80 kV is an intermediate value of the knock-on threshold values of B (74 kV) and N (84 kV). 24 Therefore, our experiments mainly consider the knock-on damage.
The microscope provides sub-Angstrom resolution at 80 kV and −21 ± 0.5 μm of spherical aberration (C s ) with a monochromator and thus is capable of imaging individual atoms within the hBN lattice. Typical electron beam densities were adjusted to around 5 × 10 5 e − nm −2 . We analyzed the atomic images using a white atom contrast (as opposed to a black atom contrast 7 ) in order to obtain actual atom positions under properly focused conditions needed for direct image interpretation.
Time lapse microscopy
After acquiring a series of images using the Gatan Digital Micrograph (DM) script, structural changes in the observed area were analyzed frame-by-frame. Each of these images was taken with an exposure time of 0.5 s and an interval time of 1.7 s. To facilitate the identification of the holes generated by electron beam irradiation, clean areas that were free of adsorbates and other impurities were examined.
DFT calculations
Density functional theory calculations were performed using the Vienna ab initio simulation package (VASP). 25, 26 A single k-point (Γ point) for a 15 × 15 supercell with a cutoff kinetic energy of 400 eV was used. The ions were represented by projector-augmented wave (PAW) potentials, 27, 28 and van der Waals (vdW) interactions, 29 as used in Grimme's theory, were implemented into the VASP. A generalized gradient approximation was used to describe the exchange-correlation functional. 30, 31 The atomic positions of all structures were relaxed until the Hellmann-Feynman forces were lower than 0.01 eV Å −1 .
MD simulations
To explore hole growth in layers of hBN, molecular dynamics (MD) simulations were performed using the large-scale atomic/molecular massively parallel simulator (LAMMPS) code 35 with reactive force field (ReaxFF) potentials. [32] [33] [34] The MD time step was set to 0.25 fs, which was determined from a stability test using a microcanonical ensemble (NVE). To properly account for the electron beam irradiation, heating was controlled during simulation by increasing the temperature from 1000 K to 4000 K for 1000 ps using a canonical ensemble (NVT) and the Nose-Hoover chain thermostat.
